SUMMARY We examined the interrelationship of afterload, preload and left ventricular (LV) performance at two levels of systolic loading in 20 patients with chronic aortic regurgitation to determine if the concept of afterload mismatch and preload reserve can be applied to this clinical entity. We identified two groups of patients at different stages in the natural history of volume overload. Patients in group I had moderate LV enlargement (LV end-diastolic volume < 150 ml/m2), and patients in group 2 had severe LV enlargement (LV end-diastolic volume > 150 ml/m2). Both groups had sufficient eccentric hypertrophy, measured by LV mass, to keep afterload as measured by mean systolic LV wall stress only slightly above normal; LV mean systolic wall stress was similar in each group. Patients in group 2 had a lower LV ejection fraction and velocity of circumferential fiber shortening than those in group 1 at a similar lower level of afterload. At a similar higher level of afterload, which increased end-diastolic volume from 134 4 to 157 + 6ml/m2 in group 1 and from 191 + 9 to 218 13 ml/m2 in group 2 (average increase 18% vs 14%, NS), patients in group 1 maintained their ejection fraction and forward stroke volume and had a significant increase in total LV stroke volume, whereas patients in group 2 had a decrease in ejection fraction and in forward stroke volume and no significant change in LV stroke volume. The velocity of circumferential fiber shortening decreased in both groups in response to increased afterload. These data indicate that patients with moderate LV dilatation due to aortic regurgitation and sufficient hypertrophy to normalize afterload have a preload reserve that permits normal LV performance during a basal state as well as during acute increases in afterload. Patients with severe LV dilatation, however, despite sufficient hypertrophy to normalize afterload, have afterload mismatch due to a depressed inotropic state, and have exhausted preload reserve such that acute increases in afterload worsen the afterload mismatch and cause further deterioration of LV performance. The velocity of circumferential fiber shortening appears to be a less useful indicator of afterload mismatch than other ejection-phase indexes of contractility. Thus, the concept of afterload mismatch and preload reserve describes the natural history of hemodynamic alterations in chronic aortic regurgitation.
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THE TIMING of valve replacement in chronic aortic regurgitation is a topic of intense study. '- The natural history of aortic regurgitation is characterized by a long, asymptomatic period, followed by the gradual but progressive development of dyspnea and fatigue.6'7 The hemodynamic adaptations during volume overload include gradual ventricular dilatation and hypertrophy with maintenance of normal ventricular performance until left ventricular dysfunction develops and progresses. 3' 7-9 The correlation between clinical and hemodynamic states is generally poor in chronic aortic regurgitation.7 Aortic valve replacement, especially late in the clinical course, is sometimes associated with less than optimal symptomatic improvement, increased mortality and persistent left ventricular dysfunction. [17] [18] [19] [20] Ross21 formulated a hypothesis that provides a framework for understanding how the left ventricle responds to chronic volume overload. We examined the interrelationship of afterload, preload and ventricular performance at two levels of systolic loading in patients with chronic aortic regurgitation to determine if the concept of afterload mismatch and preload reserve21 applies to the actual response of the left ventricle to chronic volume overload in man. The potential application of this model to patients with chronic pressure and volume overload recently has been discussed,22 and the left ventricular hemodynamic alterations observed with chronic pressure overload23 are consistent with those predicted by the model.
Materials and Methods
We studied 20 patients with isolated chronic aortic regurgitation during diagnostic cardiac catheterization after they gave informed consent. The patients were premedicated with oral diazepam, 10 mg. After complete right-and left-heart hemodynamic study and measurement of cardiac output by the Fick or thermodilution method, each patient underwent quantitative left ventricular angiography during held inspiration. Left ventriculography was performed with the patient in the 30°right anterior oblique projection during pow-AFTERLOAD MISMATCH IN AORTIC REGURGITATION/Ricci er injection of 52-56 ml of meglumine sodium diatrizoate (Renografin 76) at 12-13 ml/sec. Images were recorded at 60 frames/sec on Vari-X film with a 35-mm Arritechno-camera mounted on a Siemens cesiumiodide image-intensifier. After the basal hemodynamic state was reestablished, the patients received an i.v. infusion of phenylephrine until aortic systolic pressure increased 25-50%-. After aortic pressure had been stable for [15] [16] [17] [18] [19] [20] where a and b are the midwall major (L/2 + h/2) and minor (D/2 + h/2) semiaxes, respectively. Measurement of myocardial midwall stress assumes that the myocardium is a freely deforming body composed of an isotropic and homogeneous elastic material, that the left ventricle is represented by a surface of revolution with uniform wall thickness, and that instantaneous measurements of left ventricular geometry and pressure are used in a static analysis to evaluate instantaneous stresses throughout the cardiac cycle.28 Left ventricular cm is the force per unit area acting at the midplane to the heart in the direction of the apexto-base length. Meridional stress is ideally suited for echocardiographic derivation of stress because it uses only the minor-diameter dimension. Left ventricular cc is the force acting at the equatorial plane, and uses both major-and minor-diameter dimensions.
We plotted individual stress values as a function of time from end-diastole to end-systole, then calculated the mean systolic meridional stress (am) and the mean systolic circumferential stress (6c) during ejection by planimetering the area under the stress-time curve. Using the value of mean stress for subsequent data analysis allows for cancellation of minor errors inherent in the fluid-filled recording system (15 patients); the stresses early in systole, which are lower because of a slower rise time of left ventricular pressure, are balanced by the stresses at peak systole, which are higher because of overshoot. 23 Statistical analysis was by analysis of variance.
Results
To test the hypothesis that cardiac dilatation serves to maintain left ventricular performance during chronic aortic regurgitation, we arbitrarily separated our patients into two groups: those with an end-diastolic volume < 150 ml/m2 (group 1) and those with an enddiastolic volume > 150 ml/m2 (group 2). Figure 1 illustrates the influence of higher systolic loading conditions upon two indexes of preload, left ventricular end-diastolic volume and end-diastolic pressure. In both group 1 and group 2, higher levels of left ventricular systolic pressure were associated with significant increases in end-diastolic volume (p < 0.005, p < 0.02, respectively) and in end-diastolic pressure (p < 0.001, p < 0.005, respectively). The increase in left ventricular systolic pressure at the high- serve. If this conceptual framework truly describes the physiologic adaptations in chronic aortic regurgitation, moderately hypertrophied ventricles would have normal basal function, whereas extensively hypertrophied ventricles that are grossly dilated and at or beyond the limit of preload reserve would have depressed function. Moreover, an acute pressor stress, testing the magnitude of preload reserve to compensate for increased afterload, should be associated with maintenance of left ventricular function in the moderately hypertrophied ventricles that have ample remaining preload reserve, but would significantly depress left ventricular function in the grossly dilated ventricles.
Our data indicate that the concept of afterload mismatch and preload reserve may be applied to patients with volume overload due to chronic aortic regurgitation. In all cases in group 1, ventricular dilatation judged by end-diastolic volume was moderate (average volume 134 ml/m2), and in every case greater than 108 ml/m2, which is substantially larger than the normal value of 70 + 20 ml/M2 (+ SD) 32 In group 2, dilatation was to more than 2.5 times the normal size. This degree of dilatation is also reflected in the extent of eccentric hypertrophy; the average mass for group 1 was 45% larger than normal (92 + 16 g/m2) and for group 2 was 150% larger than normal.32 Thus, we have two groups of patients with aortic regurgitation, each with significant hypertrophy such that afterload is similar, but one with moderate (group 1) and one with severe (group 2) ventricular dilatation.
Both ejection fraction and Vcf are valuable indexes of basal left ventricular function and separate groups with normal from those with clearly abnormal function, whereas stroke volume is better suited to characterize an acute change in afterload.34 With dm and @cs representing afterload, being similar for both groups, and despite preload being greater for group 2 than for group 1, the depressed ejection fraction and Vcf in group 2 indicate that reduced left ventricular performance occurred in this group as a result of a depressed inotropic state.
The profound difference between the two groups in their response to an increased level of afterload also indicates that the concept of afterload mismatch and preload reserve is useful for assessing chronic volume overload. In group 1, increased afterload was associated with no significant change in ejection fraction or forward stroke volume, a significant increase in left ventricular stroke volume, and a slight decrease in Vcf. In group 2, however, increased afterload produced a significant decrease in ejection fraction CIRCULATION 832 chronic volume overload,31 but similar to values of another report.30 Our values for by are similar to those previously reported. 23 The relationship between afterload and ventricular performance does not appear to depend on whether afterload is represented by Cdm or by d,. In some respects, &m is a more convenient measure because it can be easily derived from echocardiographic data.31
An important factor germane to the concept of afterload mismatch is adequacy of venous return.40 If venous return had been reduced during the higher loading condition, thereby limiting the amount of ventricular dilatation, an artificial mismatch could have been produced. That this potential effect would influence the responses in one group more than in the other group is unlikely; indeed, the magnitude of increase in enddiastolic volume induced by the increased afterload was not different between the groups. Phenylephrine, as an adrenergic pressor agent, may have a small direct positive inotropic effect upon the myocardium, and at the same time induce a mild reflex negative inotropic effect.41' 42 Examination of heart rate in our patients may help explain these effects. The mean heart rate decreased in group 1 and increased slightly in group 2, changes that would be expected to produce effects opposite to those observed in terms of the response of left ventricular function to induced changes in afterload in our patients. Moreover, the small differences in heart rate in each condition of afterload (less than 6 beats/ min) would not produce major changes in contractility. 43 ' Figure 4 shows the average data for each group in the form of a three-dimensional diagram relating afterload, preload and ejection fraction. The average normal coordinates are derived from accepted values for end-diastolic volume and ejection fraction29 and from dm reported in normal patients.31 As aortic regurgitation becomes established at a moderate level (B), afterload increases only slightly from normal (A-B),21 while the left ventricle dilates and hypertrophies, and left ventricular performance, measured by ejection fraction, is maintained in the normal range of 0.60. Acute afterload stress at this point (B-B') is compensated for by further dilatation, and left ventricular function remains normal, indicating that preload reserve remains adequate. As aortic regurgitation becomes more severe (C), though hypertrophy increases to prevent all but a slight increase in afterload (B-C) and further dilatation ensues, mismatch occurs as a result of depressed inotropic state, and left ventricular performance deteriorates. Acute afterload stress at this point (C-C') results in profound depression of left ventricular performance. This represents exhaustion of preload reserve; our data suggest that the limit of preload reserve is 160-190 ml/m2 of end-diastolic volume.
Whether the depressed inotropic state and exhaustion of preload reserve in group 2, at both low and high levels of systolic loading is irreversible, indicating permanent damage to the contractile machinery, is not established. Similar studies of left ventricular hemodynamics are required in these patients postoperatively to answer this question.
In conclusion, we believe that left ventricular adaptation to chronic aortic regurgitation in man fits the concept of afterload mismatch and preload reserve. 21 This formulation requires further investigation in the period after relief of volume overload (e.g., by aortic valve replacement) to determine whether decisions regarding the timing of aortic valve replacement can be made on the basis of the limit of preload reserve.
